The potential of ALOS-2 SAR data for the estimation of tropical forest structural characteristics was assessed in Vietnam by collecting forest inventory data. The effect of polarization and seasonality of the SAR data on the estimation of forest biomass was analyzed. The combination of HH, HV, and HH/HV polarizations using multiple linear regression did not improve the estimation of biomass compared to using the HV channel independently, as the HH and HH/HV variables were not statistically significant. The dry season HV backscattering intensity was highly sensitive to the biomass compared to the rainy season backscattering intensity. The SAR data acquired in the rainy season with humid and wet canopies was not very sensitive to the biomass. The strong dependence of the biomass estimates with the season of SAR data acquisition confirmed that the choice of right season SAR data is very important for improving the satellite based estimates of the biomass. The validation results showed that the dry season HV polarization could explain 54% variation of the biomass.
Introduction
Forest biomass plays an important role in global carbon cycle [1] - [3] . However, global forest area has decreased by about 5.3 million hectares per year between 1999 and 2010; and deforestation is continuing everywhere [4] - [7] . Accurate monitoring of forest biomass and CO 2 sequestration rates are immensely important for increasing April, and typical rainy season between May and November. The mean annual rainfall is 1540 mm, and mean monthly temperature is around 25˚C. The well-defined distinction of the climate between the dry and rainy seasons found in this forest provides an ideal site to analyze how the backscattering intensity varies with the seasons, and to know how the seasonal variation of the backscattering intensity affects the estimation of biomass. Moreover, this forest with dense and multi-strata canopies consisting of diverse tree species in tropical monsoon setting provides an opportunity to analyze how the backscattering intensity is sensitive to large biomass. The analysis on sensitivity of backscattering intensity is required for improving the SAR based estimates of the biomass particularly in the dense and multi-strata tropical rain forests.
Acquisition and Processing of ALOS-2 SAR Data
We used synthetic aperture radar (SAR) data from ALOS-2 satellite which has been operating since May 2014 and provides SAR data in L-band. We used ALOS-2 version 2.1 polarized SAR data in HH and HV polarizations with pixel resolution of 6.25 m and it was available as a geometrically corrected product. The digital number (DN) values of the SAR images in both the HH and HV polarizations were calibrated by calculating the backscattering intensity using the Equation (1) [76] . 
In Equation (1), the σ o is the sigma-naught backscattering intensity in the units of decibels (dB), and CF is the calibration factor which is currently set as −83 [76] . We used two scenes of the ALOS-2 data covering our study area and representing each of the rainy (October) and dry season (February).
The precipitation condition of the study area is shown in Table 1 . As shown in the table, the rainy 3 months received mean of 190.2 mm rainfall whereas the dry 3 months received absolutely no rainfall [77] .
The description of ALOS-2 SAR data used in the research are shown in Table 2 . Both dry and rainy season 
Methodologies

In Situ Measurements
Field measurements were conducted in April, 2015 by establishing sample plots according to the inventory guideline available for the Central Highlands region of Vietnam [78] [79] . Altogether, 110 sample plots were established by meeting a criteria of representativeness of different forest types across the study areas. The authors carefully designed the sample plots in such a way that they were at least 100-m apart from trails, roads, streams, and rivers to avoid the signals from unwanted surface types for sensitivity analysis. Each sample plot established during the forest inventory was (100 m × 100 m) with an area of 1 ha. The diameter at breast height (D) and total tree height (H) of all the trees larger than 5 cm diameter at breast height located inside the sample plots were measured. The tree diameter and height were measured by using laser diameter and laser height instruments respectively. The central geo-location (latitude and longitude) of each sample plot was also recorded by using GPS instrument. The taxonomy of tree species was also recorded during the field inventory following the Vietnam Flora book [80] . The sample plots represent 110 hectares forest area which is nearly 0.1% of the total study area.
The distribution of sample plots used in this research are shown in Figure 2 using RGB color composite of the SAR images. Distinct variation between the rainy season and dry season RGB images in Yok Don National Park were observed as demonstrated in Figure 2. 
Calculation of Forest Structural Parameters
The individual tree data: diameter at breast height (D) and total tree height (H) were used to calculate above ground biomass (AGB) using the allometric equations. We used separate allometric equations for calculating the AGB of the deciduous and evergreen forests [79] . The allometric equations used for calculating the AGB of deciduous and evergreen forest types are given in Equation (2) and Equation (3) respectively. In Equations (2)- (3), AGB is the above ground biomass of a tree in kilograms (kg); D is the diameter at breast height measured at 1.3-m above the ground level in meters (m); H is the total height of tree in meters (m); WD is the wood density of tree in tones dry matter per fresh cubic meters (ton/m 3 ). The species-specific wood density (WD) data were obtained from the forest carbon measurement guidelines prepared by the IPCC [81] . The species-specific wood density data were used for calculating the AGB in evergreen forests due to large number of tree species present in these forests with varying amount of AGB. The allometric equations of the AGB in Equation (2) and Equation (3) gives total biomass of a tree including all the stems, branches and leaves.
Sensitivity Analysis
Averages of the forest structural parameters: basal area (BA), tree height (H), and above ground biomass (AGB) were calculated per each sample plot. The sample plots represent larger variation of the diameter at breast height (8.1 -48.4 cm), tree height (6.3 -18.2 m), and biomass (42 -350 Mg•ha −1 ). For each plot, mean backscattering intensity of HH and HV polarization data were calculated using 16 × 16 pixels equivalent to 100 m × 100 m plot size. Then the relationship between forest structural parameters and backscattering intensity was analyzed by randomly selecting 55 sample plots for training and 55 sample plots for validation. The sensitivity of the backscattering intensity to the biomass was statistically analyzed by using simple linear regression and multiple linear regression analysis. The coefficient of determination (R 2 ) in Equation (4) and root mean square error (RMSE) in Equation (5) were used as the metrics for evaluating the relationships. 
Results and Discussions
Backscattering Intensity vs. Structural Parameters
The sensitivity of structural parameters to the backscattering intensity of HV and HH polarizations for the dry season and rainy season was analyzed using the coefficient of determination (R 2 ) and root mean square error (RMSE). The results of the relationship between structural parameters and SAR data in the dry season are shown in Figure 3 .
The relationship between structural parameters and SAR data in rainy season are shown in Figure 4 . The summary of the relationship between field-measured forest structural parameters and SAR data are shown in Table 3 .
This analysis showed that vertical structural parameters, i.e., tree height was not closely related to the SAR data acquired in both dry and wet season than the horizontal structural parameter, i.e., basal area (BA).
Effect of Polarization
The sensitivity of biomass to the backscattering intensity of the HV and HH polarizations of the dry season was ). The summary of the relationship between field-measured biomass and SAR data are shown in Table 4 . The high sensitivity of the HV polarization to the biomass was found for both the dry and rainy season SAR data than the HH polarization. This analysis highlighted the importance of HV polarization for the estimation of biomass.
Effect of SAR Seasonality on Biomass
The sensitivity of the SAR data (HV and HH polarizations) acquired during dry season and rainy season on biomass were shown in Figure 5 and Figure 6 respectively. The dry season backscattering intensity of the HH and HV polarizations was highly sensitive to the biomass than the rainy season backscattering intensity. ) than the dry season. This analysis suggests that dry season SAR data is more important for estimating the biomass than the rainy season data. The effect of seasonality for the SAR data was clearly observed in this research.
We also analyzed multiple linear regression between the SAR data (HH, HV, and HH/HV) and biomass using both the dry and rainy seasons SAR data. The summary of the relationship between the field-measured biomass and SAR data are shown in Table 5 .
As shown in Table 5 , the adjusted coefficient of determination (R 2 ) between the biomass and three independent variables (HH, HV, and HH/HV) was 0.58. However the p-value of the HH was 0.21 (>0.05) and HH/HV variables was 0.19 (>0.05) which were not significant; whereas only the HV variable with p-value 0.000 (<0.05) was significant. Similar results were obtained for the rainy season SAR data as well. This analysis confirmed the importance of HV polarization mainly from the dry season.
Validation Results
The separate set of validation data from 55 sample plots was used to test the validity of the biomass prediction model obtained with the training data. As shown in Figure 7 , the model obtained with the training data could explain 54% variation of the biomass (R 2 = 0.54, RMSE = 34.09 Mg•ha −1 ).
Conclusion
Forest structural characteristics such as diameter at breast height, tree height, basal area, and above ground biomass were quantified by conducting field measurements in a tropical forest in Vietnam. The sensitivity of the structural characteristics to the polarizations of ALOS-2 SAR data, and to the season of the acquisition of the SAR data was analyzed. The regression analysis showed that horizontal structural parameter (basal area) was closely related to the SAR data than the vertical structure (tree height). However, combination of both the horizontal and vertical parameter as above ground biomass showed moderate sensitivity to the SAR data. Strong dependence of the estimation of biomass with the polarization and season of SAR data was found. Above ground biomass did not correlate with the rainy season HV polarization data as highly as the dry season HV polarization data. The combination of the HH, HV, and HH/HV channels by multiple linear regression did not improve the estimates of the biomass than using HV channel independently since the HH and HH/HV variables were not statistically significant (p-value > 0.05). Therefore, this research concluded that the choice of right season in which SAR data is acquired is an important consideration for satellite based estimates of the forest structure. In tropical forests where the dry and rainy season are well-defined as in the case of our study area, the rainy season with frequent and plenty of rainfall and cloudy sky keeps the forest canopy wet and humid. Since the SAR backscattering intensity is highly sensitive to the surface moisture, the SAR data acquired in the rainy season is not sensitive to the forest biomass. The validation of the linear regression model fitted with the dry season HV polarization provided explanation of 54% variation of the biomass. Figure 7 . The validation result: above ground biomass versus dry season HV data. The 1:1 plot between the predicted and observed data are shown.
